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Gut immunityIn the last decade, Drosophila has emerged as a useful model to study host–microbiota interactions,
creating an active research ﬁeld with proliﬁc publications. In the last 2 years, several studies
contributed to a better understanding of the dynamic nature of microbiota composition and its
impact on gut immunity and intestinal tissue homeostasis. These studies depicted the mechanisms
by which microbiota regulates gut homeostasis to modulate host ﬁtness and lifespan. Moreover, the
latest ﬁndings demonstrating that the gut is a physiologically and histologically compartmentalized
organ brought fresh perspectives to study the region-speciﬁc nature of the interactions between the
commensal microbes and the intestinal tissue, and consequences of these interactions on overall
host biology.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Animals establish mutually beneﬁcial interactions with micro-
organisms. This is particularly true for commensal bacterial com-
munities that colonize the intestinal tract of most animal species
[1]. However, despite the recent boom in the research in the gut
microbiota, the mechanisms shaping these interactions remain to
be better understood. A major obstacle in these studies is the
complexity of the bacterial communities involved in mammalian
host–microbiota interactions. Thus, the use of simpler animal
models helps to unravel the evolutionarily conserved mechanisms
underlying the impact of intestinal bacteria on their host’s
physiology. In this light, Drosophila melanogaster, the classic model
organism whose role has been instrumental in laying the
foundation of our knowledge of innate immunity [2], has become
a powerful model to dissect the mechanisms behind the mutualis-
tic host–microbe interactions. Thanks to the genetic tractability of
both Drosophila and its cultivable and simple microbiota, this
association model offers a great opportunity to reveal the
molecular mechanisms underlying host–microbiota interactions.
Several recent reviews have detailed how microbiota shapesDrosophila biology [3–5], but in the past two years our knowledge
has signiﬁcantly advanced. Here we provide a focused update of
this proliﬁc ﬁeld with emphasis on three topics: (1) the adult
microbiota composition and its transient and variable nature, (2)
the impact of gut microbiota on gut immunity and intestinal tissue
homeostasis which translates into host ﬁtness and lifespan
modulation and (3), the potential to exploit the recently discovered
Drosophila gut compartmentalization model to study how
microbiota regulates intestinal physiology.
2. Drosophila gut microbiota composition, establishment and
maintenance
Numerous studies have now focused on the composition of the
gut microbiota of the animal model D. melanogaster, and all
revealed a rather simple composition [4–6]. The community is
represented by only two phyla, Firmicutes and Proteobacteria
and is dominated by two major families, Lactobacillaceae and
Acetobacteraceae and two minor families, Enterococceae and
Enterobacteriaceae (Fig. 1). In most studies, the following species
were identiﬁed either as dominant or sub-dominant members of
the community: Lactobacillus plantarum, Lactobacillus brevis,
Acetobacter pomorum and Enterococcus faecalis. While the
nutritional environment seems to be a major factor that directly
impacts Drosophila gut microbiota, the microbial load and
composition are also altered in different stages of the life cycle
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Fig. 1. The establishment and the maintenance of Drosophilamicrobiota depends on the constant intake of microbes from the diet. The gut of newly emerging ﬂies contains a
very low number of microbes. Constant ingestion of bacteria-rich food allows the microbial colonization of the digestive tract and the maintenance of an intestinal
microbiota. The parents’ fecal microbiota is transmitted to other ﬂies and to the progenies through the deposition of feces on the substratum on which they thrive. Female
also ensure optimal transmission of their own microbiota by seeding the embryonic eggshell of their progenies, which is eaten by the hatching larvae and subsequently
smeared onto the food substratum. The dominant bacterial families associated to Drosophila adults are color-coded according to their representative proportions. The type of
diet the ﬂies encounter can signiﬁcantly alter the depicted proportions. Adult Drosophila drawings are modiﬁed from [50].
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of these changes remain elusive, recent reports have increased our
understanding on the crosstalk between diet, the Drosophila gut
and its microbiota.
Lately, in order to dissect the impact of substrate and host spe-
cies, Staubach et al. (2013) analyzed the gut microbiota sampled
from ﬂies gathered from different geographical locations and
laboratory sources [10]. Consistent with what has been described
before, the major bacterial families found in the intestines of all
their Drosophila samples comprised of Acetobacteraceae (55%), Lac-
tobacillaceae (31%), Leuconostocaceae (4%), Enterobacteriaceae (3%)
and Enterococceae (2%). Remarkably, the bacterial communities in
lab-raised ﬂies lack both richness and diversity. The microbiota
of wild-caught ﬂies were dominated by Gluconobacter ssp., and that
of laboratory-raised ﬂies were dominated by species of the
Acetobacter or Lactobacillus genus. The major ﬁndings of this study
highlight the previous observation that diet is one of the major
factors inﬂuencing microbiota composition. Flies fed on strawber-
ries, apples and peaches contain similar bacterial communities
regardless where they come from. However, ﬂies fed on oranges
and compost harbor relatively distinct communities, and this
may be due to the fact that particular ingredients of the food, such
as citric acid and/or essential oil, can lower food pH and kill certain
species of bacteria. Moreover, the authors observed that bacterial
communities differ between D. melanogaster and Drosophila simu-
lans only in the wild but not in the lab, suggesting that the effect
of host species on microbial communities is subtle and/or need
natural environmental conditions to manifest.
However, a recent study by Wong et al. challenged the idea of
the existence of a ‘‘core’’ ﬂy microbiota, deﬁned as a community
of bacterial species that would co-exist in all individuals of a given
Drosophila species [11]. The authors scored the co-occurrence of
bacterial species in individual ﬂies and the congruence betweenhost species and microbiota composition. First, they used
species-speciﬁc PCR tests to detect the presence of ﬁve common
Drosophila associated bacterial species: Lactobacillus fructivorans,
L. plantarum, L. brevis, Acetobacter tropicalis and A. pomorum in ﬂy
individuals gathered from 21 strains spanning 10 Drosophila spe-
cies. Strikingly they did not ﬁnd a single bacterial species that
was present in every individual tested. Although L. fructivorans
was detected in at least one individual of every strain and
L. plantarum as well as A. pomorum were detected in all but one
strain, no bacterial species was ‘‘core’’ to every ﬂy strain. In addi-
tion, they analyzed the presence of the same ﬁve species in a lab-
oratory strain of D. melanogaster over 21 months and observed that
L. brevis and L. plantarum sometimes presented in all of the ﬂies
tested, and other times in none of the ﬂies [11]. These data clearly
indicate that adult Drosophila microbiota composition is highly
variable at the species level; it remains to be tested whether this
variability also exists at larval stages and later in adult life. In addi-
tion, Wong and colleagues investigated the impact of host species
variation on microbiota composition. As in Staubach et al. (2013),
they found that differences in host species have little impact on the
composition of gut microbiota and that no bacterial species was uni-
versally present in all Drosophila species analyzed [11]. In summary,
both studies furthered our understanding in that the gut microbiota
composition of adult Drosophila is shaped by host diet and nutritional
environment and is therefore highly variable (Fig. 1).
The tight link between diet and microbiota composition
strongly suggests a role of the ﬂies’ feeding habits in shaping their
gut microbiota. Two recent studies from the Lemaitre and the Han-
delsman laboratories demonstrated that the establishment and
maintenance of adult D. melanogaster microbiota depends on the
constant ingestion of bacteria (Fig. 1) [12,13]. Newly emerged adult
ﬂies harbor a very low amount of bacteria. However, these young
ﬂies establish the microbiota within the ﬁrst 24 h of their adult life
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parents’ feces [12,14]. Hence, ﬂies reared on sterilized and cooked
laboratory food (in plastic vials with food preservatives) can lose
their microbiota when frequently transferred into ‘‘clean’’ tubes
or upon starvation [12,13]. In contrast, when ﬂies were kept in
the same tube for a while or when they were transferred onto a
contaminated surface, more bacteria are present [12]. These results
imply that ingesting exogenous bacteria from the medium is one of
the major means for the ﬂies to maintain their gut microbiota.
Therefore, husbandry practice is a key factor in shaping adult ﬂies
microbiota in laboratory environment. In addition to Wong et al.’s
report that the microbiota composition is highly variable among
adult individuals, Broderick et al. observed high variability in the
quantity of gut bacteria among different ﬂies raised in the same
culture tube. The bacterial load differed by one log difference
between individuals and was correlated to the amount of food
present in the respective ﬂy guts [13]. However despite the
reported high variability in bacterial load in the adult gut, Broder-
ick et al. detected signiﬁcantly increased bacterial counts during
the ageing process, conﬁrming the ﬁndings from several previous
studies [7,8,12,13,15]. Imaging of the adult guts indicated that
the bacteria are maintained in the lumen and associated to the
food bolus, again suggesting strong ties between food intake and
maintenance of gut microbiota [13]. Interestingly, the bacterial
load in individual larval gut is more much consistent, indicating
that the variability in gut microbiota is a unique adult trait [13].
This observation most likely relates to feeding behavior differ-
ences: adult ﬂies forage and frequently move to different spots,
whereas larvae live within their substratum and feed constantly.
The strategy to maintain microbiota by re-association may reﬂect
an evolutionary trade-off: in a microbe-rich environment, it is
relatively easy to keep oneself and one’s progeny colonized, there-
fore little evolutionary pressure exists for the ﬂies to invest in
energy or resource to maintain a resident gut microbiota. However,
such mode of microbiota renewal comes at the risk of easily losing
or perturbing one’s microbiota when the host’s nutritional
environment changes. Despite the transitory nature of the ﬂy’s
gut microbiota, Drosophila is far from being a passive carrier of
microbes because major shifts in microbiota composition or load
do occur either during larval development or ageing, even though
the animals are fed the same diet [7,8,15]. Hence, Drosophila must
have evolved a set of physiological parameters that shape and reg-
ulate their transient microbiota. This burgeoning idea has been
recently conﬁrmed and further elaborated by Guo et al., who
showed that age-related increase of indigenous microbial loads is
associated with intestinal epithelial dysplasia and lifespan reduc-
tion. These authors now show that such phenotype can be modu-
lated and even reversed in various genetic backgrounds through
alterations in innate immune signalling [16]. This study not only
conﬁrms the previous observations connecting host genotype to
microbiota composition [17] and microbiota to intestinal
homeostasis [7,17,18] but also provides insightful molecular basis
for the functional links between microbiota, gut immunity, gut
homeostasis and life span.3. Microbiota impacts gut immunity and intestinal
regeneration
Recent studies on Drosophila conﬁrm that host immunity is a
major physiological parameter affected by the gut microbiota.
Blum et al. provided new data showing that feeding germ-free or
conventional animals with certain commensals, such as L. planta-
rum, improves host survival in the presence of gut pathogens
[12], such as Pseudomonas aeruginosa or Serratia marcescens, two
well-established Drosophila pathogens [19,20]. This interestinginitial observation obviously needs to be extended to larger num-
ber of strains, and the speciﬁcity of the phenotype also requires
more characterization. However, how a commensal species medi-
ates the observed protection is an interesting area of research.
Although one can postulate direct microbe-to-microbe interfer-
ence, a tempting alternative hypothesis is that L. plantarum opti-
mizes host resistance and/or resilience to infection since
Drosophila survival after pathogenic gut infections relies on both
mechanisms [21]. Resistance is ensured by local production of anti-
microbial compounds such as reactive oxygen species (ROS) and
antimicrobial peptides (AMPs) while resilience relies on the capac-
ity of the intestinal epithelium to regenerate during and after the
infectious episode. It has been previously established that the
Drosophila microbiota inﬂuences both resistance and resilience
[3], and recent studies have advanced our understanding of how
Drosophila microbiota shapes these responses.
In the ﬂy gut, the IMD signalling pathway ensures an adequate
and localized production of AMPs, and this process is controlled by
the evolutionary conserved proteins from the PeptidoGlycan Rec-
ognition Proteins (PGRPs) [22]. Recently, two studies characterized
the respective role of two PGRPs (PGRP-LC and PGRP-LE) in
intestinal immune regulation [23,24]. Using genetic approaches,
Neyen et al. demonstrated in vivo that different isoforms of
PGRP-LC sense bacterial peptidoglycans and both PGRP-LC and
PGRP-LE contribute to intestinal AMP production upon infection.
Notably, PGRP-LE predominantly acts in the midgut, the main
section of the intestine of endodermal origin [24]. Bosco-Drayon
et al. reported similar observations and showed that bacterial
recognition is regionalized in the Drosophila gut. In addition, they
revealed that PGRP-LE is the key midgut inducer of potent IMD
activity in response to infectious bacteria and its activity is
essential to mediate balanced immune activation in response to
commensals (Fig. 2) [23].
As mentioned earlier, Guo et al. have conﬁrmed the notion that
ageing ﬂy guts bear increased bacterial load that causes excessive
proliferation and abnormal differentiation of the intestinal stem
cells (ISCs); consequently, gut homeostasis is disrupted and life-
span is reduced. Interestingly, the deleterious deregulation of gut
microbiota is much attenuated in axenic ﬂies [7,16]. What is the
molecular mechanism underlying the rescue of the intestinal
homeostasis in the axenic ﬂies? A prior study observed that the
age-related increase of FOXO activity in the gut correlated to
increased bacterial load probably due to increased AMPs expres-
sion and loss of intestinal homeostasis [25]. Furthermore, the
Hoch’s group had previously described that AMP production
induced by nutritional challenges genetically interact with FOXO
activity [26]. Now the work by Guo et al. proposed a causal rela-
tionship between chronic FOXO activation and dysbiosis-related
ageing process [16]. First, their work conﬁrms that the effector
genes mediating the intestinal immune response, i.e. those encod-
ing AMPs are de-regulated as ﬂies age. Yet, the central regulator of
IMD-dependent immunity genes in the gut [27], relish, and genes
encoding IMD-regulated AMPs are up-regulated in both germ-free
(GF) and conventionally reared (CONV) ageing ﬂies, suggesting a
microbiota-independent deregulation of IMD activity in the intes-
tines during ageing. Previously, PGRP-SC1a/b and PGRP-SC2 have
been proposed to act as feedback inhibitors of the IMD pathway
activity by scavenging bacterial peptidoglycans to maintain
immune homeostasis [28]. Guo et al. further demonstrate that in
the ageing gut, increased FOXO activity is responsible for the
observed age-related increase of AMPs and relish expression as
well as for the concomitant down-regulation of the catalytic
PGRPs, PGRP-SC1a/b and PGRP-SC2. Guo et al. also revealed that
both the microbial load and the intestinal dysplasia are reduced
in the ageing FOXO-deﬁcient ﬂies. Conversely, an increase of
microbial load and dysplasia occurs prematurely in the gut where
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Fig. 2. Drosophila gut microbiota impacts intestinal homeostasis through innate immunity pathways in an age-dependent manner. In a young and healthy adult gut (left
panel), the microbiota helps to maintain tissue homeostasis, a key parameter to promote intestinal integrity and optimize lifespan. Upon colonization, commensal bacteria
such as Lactobacillus plantarum promote a basal dNOX-dependent ROS production, which stimulates basal intestinal stem cell (ISC) proliferation and differentiation in
EnteroBlasts (EB) and new Enterocytes (EC) to ensure tissue homeostasis. Other commensals such as Acetobacter pomorum also promote basal ISC proliferation. In this setting,
the gut microbiota also drives basal IMD pathway activity by activating PGRP-LE, which promotes the Relish transcription factor activation and the subsequent expression of
PGRP-SCs. PGRP-SCs’ activity ensures controlled proliferation of the commensal bacteria population through a yet undeﬁned mechanism (indicated by "?"). In the ageing gut
(right panel), the FOXO transcription factor is activated. FOXO enhances Relish and antimicrobial peptide (AMPs) genes expression while interfering with PGRP-SCs
expression, leading to excessive production of AMPs and reduced production of PGRP-SCs in the gut. This new environment likely promotes the emergence of pathobionts in
the bacterial community including Gluconobacter morbifer or Lactobacillus brevis. Uracil producing and AMP-resistant pathobionts such as Lactobacillus brevis or Gluconobacter
morbifer promote potent ROS production via activation of DUOX, which triggers uncontrolled ISC proliferation and defective differentiation leading to gut dysplasia, loss of
intestinal integrity and reduced lifespan. L. plantarum (brown), A. pomorum (blue), G. morbifer (pink) and L. brevis (green) are represented in this drawing.
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that forced PGRP-SC2 expression in ageing guts is sufﬁcient to
reduce microbial load and restore intestinal homeostasis in CONV
animals, suggesting that FOXO-mediated PGRP-SC2 down-regula-
tion causes increased microbial loads and intestinal dysplasia dur-
ing ageing. As the proliferative homeostasis of the intestinal
epithelium is intimately linked to longevity [29,30], Guo et al.
further demonstrate that PGRP-SC2 overexpression in the
intestinal epithelium extends Drosophila lifespan—markedly in
CONV animals, and subtly in GF animals. Overall, these ﬁndings
depict a molecular mechanism by which microbiota may act to
regulate lifespan and reiterate the importance of the gut
homeostasis in the aging process. However, an important question
remains unanswered: how do PGRP-SCs control microbiota? Are
PGRP-SCs strict regulators of intestinal bacterial loads or do they
aid in shaping the microbiota composition? Do PGRP-SCs function
through their proposed regulatory activity on the IMD-dependant
AMP production as suggested by Guo et al., or do they act as
effector molecules by direct binding and cleaving bacterial
peptidoglycans, which can profoundly affect the proliferation rates
of the commensal bacteria or their survival? These are immediate
questions that require investigation. Moreover, PGRP-SCs are
catalytic PGRPs that bind to and modify peptidoglycans and Pare-
des et al. showed that deletion of the PGRP-SC loci has little impact
on the activity of the IMD pathway in response to either commen-
sals or bacterial infection [31]. Hence, it remains to be tested if the
microbiota of PGRP-SC knock-out ﬂies signiﬁcantly differs from
their wild-type siblings and if any such quantitative or qualitative
difference relies on IMD activity.
Interestingly, the study by Guo et al. also indicates that FOXO-
mediated PGRP-SC2 down-regulation is not the exclusive control
mechanism of intestinal homeostasis during normal aging. They
show that oxidative stress response genes and reactive oxygenspecies (ROS) producing enzymes, including dDUOX, are upregu-
lated in aged CONV ﬂies, pointing to the idea that a dysbiotic mic-
robiota induces the expression of dDUOX and increased ROS
production, a well-known trigger of intestinal dysplasia [7,16,32]
(Fig. 2). In a related study, Jones et al. dissected the impact of a Dro-
sophila gut commensal, L. plantarum on intestinal cell proliferation
at a molecular level. They revealed that intestinal colonization with
L. plantarum causes acute ROS generation by larval and adult
enterocytes [33]. In the Drosophila larval midgut, ISCs are inter-
spersed between larval enterocytes, which are large polyploid cells
that form the interface with the gut luminal contents. During larval
life, stem cells expand to form proliferative stem cell niches con-
taining adult midgut progenitors, from which the adult intestinal
epithelium is derived during pupal metamorphosis [34,35]. In
adults, pluripotent ISCs continuously replenish the midgut entero-
cytes [36,37]. Associated to the acute L. plantarum mediated ROS
burst, Jones et al. observed a rapid increase in the mitotic index
in the larval ISC niche coupled to a higher number of escargot posi-
tive cells (the adult midgut progenitor cells) within 2 hours after
colonization [33]. Similarly, they detected an increased number
of mitotic ISCs in adult midguts within 12 hours of L. plantarum
colonization. These observations are particularly interesting
because they prompt us to re-examine the role of ROS in intestinal
homeostasis. Conventionally, ROS are toxic by-products derived
from incomplete reduction of metabolites during cellular respira-
tion that can have antimicrobial functions. However, growing evi-
dence suggest that ROS production can also alter intracellular
signaling [38]. ROS are generated by the catalytic action of the
NADPH oxidases NOX and the dual oxidase DUOX [39]. The Dro-
sophila dNOX and dDUOX were previously shown to be involved
in diverse physiological processes: for example, dNOX controls
smooth muscle contraction in the ovaries [40] and dDUOX regu-
lates stem cell activation and epithelial renewal in the gut [39].
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production on epithelial renewal, Jones et al. ﬁrst knocked-down
dNOX and dDUOX and determined that ROS generation was dNOX
dependent and not dDUOX-dependent; they further observed that
dNOX, but not dDUOX knock-down decreased cell proliferation in
L. plantarum associated larval midguts. Thus, these data indicate
that L. plantarum association triggers an acute dNOX dependent
ROS production required for intestinal cell proliferation and sug-
gests that commensals such as L. plantarum or its functional equiv-
alent may be necessary to ensure efﬁcient epithelial renewal both
in larvae and adults, a parameter of paramount importance to opti-
mal host health [29,30] (Fig. 2).
Another recent study on ROS-dependent intestinal tissue
homeostasis mainly focused on the regulation of dDUOX depen-
dent ROS production in intestinal host–bacteria interactions [41].
Previously it was reported that intestinal infection by Erwinia caro-
tovora (Ecc15) triggered a marked ROS production via enhanced
expression and activity of dDUOX, which causes damages in
enterocytes and subsequent ISC-mediated intestinal tissue regen-
eration [39]. However, upon the infection by Pseudomonas entomo-
phila, a more aggressive Drosophila pathogen, dDUOX-dependent
ROS production is even more pronounced and leads to cellular
translation blockage in the midgut, which obstructs the intestinal
epithelium regeneration and renders the host more susceptible
to the bacterial challenge [42]. In a new study, Lee et al. now iden-
tify bacterial uracil as an elicitor of the dDUOX activation and pro-
pose that pathogen-derived uracil is a determinant that shifts the
tissue response from homeostasis to pathogenesis [41]. They reveal
that intestinal pathogens such as Ecc15 release uracil to activate
dDUOX-dependent innate immunity while commensal bacteria
such as Commensalibacter intestini, do not secrete uracil and do
not trigger dDUOX activity. They further report that P. entomophila
indeed triggers dDUOX dependant ROS production and other com-
mensals such as A. pomorum, Acetobacter pasteurianus, Lactobacillus
pentosus, L. plantarum or E. faecalis do not. Although the same
group reported that A. pomorum promote basal ISCs proliferation
[18], this study falls short of characterizing the uracil-releasing
ability of the above-mentioned bacterial species, which makes it
difﬁcult to universally apply the model of pathogenic uracil pro-
duction to every host-pathogen/commensal interaction study.
However, combining genetic approaches with uracil feeding to
germ-free animals, the authors clearly demonstrate that uracil pro-
duction by Ecc15 is indeed necessary and sufﬁcient to trigger
dDUOX activity and ISC proliferation, which ultimately lead to host
survival after Ecc15 infection. Interestingly, long-term uracil feed-
ing experiments also revealed that chronic activation of the dDUOX
is detrimental to the host and causes intestinal cell death and
reduces lifespan. This observation led the authors to propose that
pathobionts potentially enriched in a dysbiotic microbiota could
trigger cell death and pathogenesis through uracil release. Previ-
ously, work from the same laboratory had shown that uncontrolled
production of AMPs in the posterior adult midgut causes intestinal
dysbiosis that enables overgrowth of a pathogenic strain of the
commensal species, Gluconobacter morbifer [17,43]. In their new
study, Lee et al. (2013) now demonstrate that uracil production
is a major determinant of the pathogenicity of this strain.
Moreover, they identiﬁed a strain of another common Drosophila
commensal bacterial species, L. brevis that also produces uracil,
which upon persistent mono-association induces chronic dDUOX
activation and a disease phenotype similar to G. morbifer (Fig. 2).
In summary, the work by Lee et al. suggests that during acute
intestinal infection, uracil production by pathogens activates
dDUOX-mediated ROS production, which allows pathogen control
and triggers intestinal cell death and tissue renewal. However, the
chronic presence of uracil-producing bacteria in the gut causes
excessive ROS production and recurrent damaging oxidative stressthat is detrimental to the host as it disrupts the homeostasis of the
intestinal epithelium and reduces the host lifespan. This model
fully corroborates the idea proposed by Guo et al. that the dysbiotic
microbiota appearing during ageing induces the expression of
dDUOX and increased ROS production (Fig. 2). However, while both
Jones et al. and Lee et al. highlight the importance of bacteria-
induced ROS production in intestinal tissue homeostasis, certain
results from the two studies seem to contradict. Unlike in Lee
et al., Jones et al. did not detect ROS production in their ﬂies after
Ecc15 ingestion, but this difference can be attributed to the differ-
ent experimental set up. First, the two groups used different ROS
detection reagent. Lee et al. used a recently developed rhoda-
mine-based ROS sensor R19S [44], which is highly speciﬁc to
dDUOX-dependent production of HOCl and is unable to react with
various other ROS such as the one generated by NOX. Jones and
colleagues used hydrocyanines that detects a broader range of
ROS albeit with potentially lower sensitivity. Secondly, the differ-
ent ways to administer Ecc15 infections may also account for the
conﬂicting results. Interestingly, Jones et al. report that L. planta-
rum promotes dNOX-dependent but not dDUOX-dependent ROS
production, which seems to be required for optimal tissue homeo-
stasis. Next, it would be interesting to determine how L. plantarum
activates dNOX dependent ROS production that promotes ISC pro-
liferation without dire consequences on host tissue and overall
well-being.
4. The Drosophila midgut is anatomically and functionally
compartmentalized
The Drosophila digestive tract consists of an epithelium sur-
rounded by visceral muscles, nerves and trachea. The gut is subdi-
vided into foregut, midgut and hindgut and is lined by either a
cuticle in the foregut and hindgut of ectodermal origin or a peri-
trophic matrix in the midgut, which is the only gut region of endo-
dermal origin [45].
In the last year, novel studies involving precise histological
analyses have revealed that the adult midgut is highly compart-
mentalized in terms of morphology and molecular function
(Fig. 3) [46,47]. The midgut is composed of ﬁve main regions and
numerous sub-regions, separated by anatomical boundaries and
containing morphologically unique enterocytes [46,47]. Gut
regionalization is established by the interplay between pan-gut
(e.g. GATAe) and region speciﬁc transcription factors (e.g. labial,
caudal), along with spatial activities of morphogens (e.g. Wnt)
[46], and by the ISCs that maintain Drosophila midgut epithelium,
generating new enterocytes and enteroendocrine cells in response
to region speciﬁc requirements in terms of their shape, migratory
properties or division rate [36,37,47]. Midgut compartmentaliza-
tion is primarily established after adult emergence, but the capac-
ity to maintain proper intestinal compartments has been reported
to decrease with age [46]. As the gut microbiota inﬂuences ISC
homeostasis, gut morphology and longevity [7,13,16,25,29,30], it
will be interesting to see if the gut microbiota plays a role in the
maintenance of midgut compartmentalization in the context of
ageing.
Both Buchon et al. and Marianes et al. used transcriptomic
approaches (Affymetrix microarray and RNAseq analyses respec-
tively) to determine region-speciﬁc functional signatures.
Although mild differences are present between both reports, they
are consistent in showing strikingly regionalized gut immune
response (Fig. 3). In the anterior gut, the tissues of ectodermal ori-
gin such as the crop and the cardia are enriched with IMD pathway
activator PGRP-LC, as suggested by the results of Bosco-Drayon
et al., and other important actors of the Drosophila immune system
such as the Toll and dDUOX pathways members, the complement-
like Teps molecules, lysozymes and members of the melanization
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Fig. 3. Drosophila midgut is a compartmentalized organ. Immune and metabolic gene enrichments are represented along the adult Drosophila intestinal tract. Digestive
functions (orange to blue) are illustrated as gradients along the adult intestine. Midgut compartments are grouped under the headings ‘‘anterior’’, ‘‘middle’’ and ‘‘posterior
midgut regions’’. Cu/LFC/Fe: copper/large ﬂat cells/iron regions.
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PGRP-LE were shown to act together to activate IMD signaling in
response to local bacterial infection [23,46]. Consistent with this
idea, in the anterior midgut regions certain AMPs are enriched,
suggesting that immune response is reinforced in the regions
where food, microbiota and the intestinal epithelium ﬁrst come
into contact with one another.
In the middle/posterior midgut, PGRP-LE and PGRP-SCs are sig-
niﬁcantly enriched while PGRP-LB, an important negative regulator
of IMD signaling [31,48], is also highly expressed along the entire
midgut, with a remarkable enrichment in the posterior region
[46,47] (Fig. 3). Importantly, PGRP-LE controls IMD signaling and
regulates the expression of AMPs, PGRP-LB and PGRP-SC1 in these
regions to ensure balanced immune responses to the indigenous
microbiota [23,31]. This highly regionalized and controlled expres-
sion pattern of IMD-related immunity genes suggests that the
interaction between microbiota and the host midgut is highly reg-
ulated, which may translate into niche-speciﬁc host–microbiota
mutualism. In this light, recent observations from Lemaitre’s
laboratory indicate that AMP gene expression negatively correlates
with the microbial load along the adult midgut, suggesting that
IMD activity is essential to control microbiota quantity [13]
(Fig. 3). However, region speciﬁc distribution of different species
along the gut still remains unknown. Future studies should aim
at this point, and clarify the nature of interactions between
species/genus/family speciﬁc bacterial features and gut immunity.
Finally, in the hindgut region that is of ectodermal origin, a great
number of immune system genes belonging to various pathways
(e.g. Toll, IMD, dDUOX) are enriched [46]. This marked regionaliza-
tion of such a panel of immune genes in ectoderm-derived regions
suggest that the bulk of the immune responses to infectious
pathogen most likely occur within these tissues that are directly
in contact with environment rather than in the midgut, an
endoderm-derived tissue.
In addition to immune regionalization, Buchon et al. and
Marianes et al. also characterized a striking signature of a group
of differentially expressed genes, annotated as enzymes involved
in the processing of complex macromolecules likely to promote
digestion or metabolism. Based on the identity of these enzymes
and their respective region-speciﬁc enrichment, one can construct
a model to delineate the sequential functionalities of different gut
compartments for food breakdown and absorption along the gut
(Fig. 3). In the anterior midgut, complex macronutrients including
carbohydrates, lipids and proteins are broken-down by carbohy-
drate metabolising enzymes (e.g. CG8690, Amy/P2, Gal involved
in glycogen, starch and lactose digestion), proteases (e.g. CG7542,
Jon25Bii), alkaline phosphatases and lipases enriched in this region
[46,47]. In the central midgut regions, nutrients are further
digested to release simple sugars, amino acids, peptides and
fatty acids, with the aid of the low pH in the copper cell region.Additionally, metal ions that must be reduced for their consecutive
absorption and other micronutrients are presumably transported
for storage or metabolic processes by metal ion transporters (e.g.
ZIP1, Znt63C) and antiporters (e.g. CG1877) [46,47]. In the poster-
ior midgut, speciﬁc classes of lipids (e.g. sphingolipids and choles-
terol) are processed by ceramidase and thiolases (e.g. ScpX) and
nutrients begin to be absorbed by enterocytes, followed by their
transport to other organs of the body for storage, modiﬁcation or
utilization [46,47]. Interestingly, numerous digestive enzyme
families organized in genomic clusters (e.g. Trypsins, Jonah
proteases, a-glucosidases, lipases, lysosymes) exhibit their own
sequential expression pattern along the midgut, implying that
although each region has a speciﬁc function, digestion continu-
ously occurs along the entire midgut. The gut microbiota likely
facilitates these processes because commensal bacteria occupy
the middle and posterior adult midgut regions. In fact, it has been
described recently that Drosophilamicrobiota regulates the expres-
sion of a large array of midgut speciﬁc metabolic genes including
digestive enzymes in an IMD-dependent manner [13,49]. These
results, together with the landmark studies by Buchon et al. and
Marianes et al., pave the way for future functional studies to dis-
sect the role that the gut microbiota plays to control and facilitate
the digestive process, and elucidate the novel function of the IMD
pathway in shaping gut-microbiota physiological interactions
beyond its well established role in controlling host immune
responses.5. Perspectives
The knowledge about Drosophila microbiota has advanced rap-
idly in the past years. We now recognize the transient and variable
nature of the adult microbiota; its composition is shaped by diet
and its quantity depends on the adult’s feeding habits. Impres-
sively however, the fruit ﬂy has evolved to actively control its tran-
sient microbiota during its short life cycle. The next big question is
"How?". Longitudinal studies can begin to address this question by
focusing on how diet and host genetics impact microbiota quantity
and composition during the Drosophila life cycle. Reciprocally, the
adult microbiota triggers robust changes in host gene expression
and impacts host ﬁtness, suggesting that despite its volatile nature,
Drosophila microbiota shapes its host’s biology. As species-level
community studies have formulated the idea of an inconstant adult
microbiota, we can begin to explore the genomic potential of the
commensal strains, which is probably the decisive factor for a
functional interaction with the host in addition to the ‘‘species’’
composition. This idea calls for detailed Drosophila microbiome
studies (i.e. the study of functionalities in microbiota genomes)
to assess if this species-level community variability translates
into microbiome variability. It is tempting to speculate the
4256 B. Erkosar, F. Leulier / FEBS Letters 588 (2014) 4250–4257existence of a core functional microbiome despite the lack of a core
microbiota.
At a glance, the functional impact of microbiota on Drosophila
biology seems more pronounced at stages of the life cycle where
the gut microbiota ﬂuctuation is less apparent (reviewed in
[4,5]). Speciﬁcally, as the ﬂy larvae live in their substratum and
feed constantly, their more constant and stable larvae gut microbi-
ota markedly promotes juvenile growth upon nutritional chal-
lenges [9,18]. However, during the ageing process, age-related
physiological features probably impose more strenuous selection
pressure on the host microbiota [16]. Therefore, it may be to our
advantage to ﬁrst focus functional studies on the molecular inter-
play between gut microbiota and Drosophila post-embryonic
development (juvenile growth) and the ageing process, and such
discoveries can be the foundation for understanding how
Drosophila microbiome impacts early adult life. In this context,
the Drosophila model offers great opportunities to study how
intestinal physiology is executed and regulated, how the gut
microbiota inﬂuences these activities and how they translate into
juvenile growth and/or ageing phenotypes.
Competing interests
The authors declare that they have no competing interests.
Acknowledgments
The authors thank Dali Ma, Gilles Storelli and Maura Strigini for
critical reading and helpful comments on the manuscript. Research
in FL’s lab is supported by an ERC starting grant (FP7/2007-2013-
N309704) and is sponsored by the ATIP/AVENIR program, the
FINOVI foundation, and the ‘‘Fondation Schlumberger pour l’Edu-
cation et la Recherche soutenue par la FRM’’.
References
[1] McFall-Ngai, M., Hadﬁeld, M.G., Bosch, T.C., Carey, H.V., Domazet-Loso, T.,
Douglas, A.E., Dubilier, N., Eberl, G., Fukami, T., Gilbert, S.F., Hentschel, U., King,
N., Kjelleberg, S., Knoll, A.H., Kremer, N., Mazmanian, S.K., Metcalf, J.L., Nealson,
K., Pierce, N.E., Rawls, J.F., Reid, A., Ruby, E.G., Rumpho, M., Sanders, J.G., Tautz,
D. and Wernegreen, J.J. (2013) Animals in a bacterial world, a new imperative
for the life sciences. Proc. Natl. Acad. Sci. U.S.A. 110, 3229–3236.
[2] Lemaitre, B. and Hoffmann, J. (2007) The host defense of Drosophila
melanogaster. Annu. Rev. Immunol. 25, 697–743.
[3] Buchon, N., Broderick, N.A. and Lemaitre, B. (2013) Gut homeostasis in a
microbial world: insights from Drosophila melanogaster. Nat. Rev. Microbiol.
11, 615–626.
[4] Erkosar, B., Storelli, G., Defaye, A. and Leulier, F. (2013) Host-intestinal
microbiota mutualism: ‘‘learning on the ﬂy’’. Cell Host Microbe 13, 8–14.
[5] Lee, W.J. and Brey, P.T. (2013) How microbiomes inﬂuence metazoan
development: insights from history and Drosophila modeling of gut-microbe
interactions. Annu. Rev. Cell Dev. Biol. 29, 571–592.
[6] Broderick, N.A. and Lemaitre, B. (2012) Gut-associated microbes of Drosophila
melanogaster. Gut Microbes 3, 307–321.
[7] Buchon, N., Broderick, N.A., Chakrabarti, S. and Lemaitre, B. (2009) Invasive
and indigenous microbiota impact intestinal stem cell activity through
multiple pathways in Drosophila. Genes Dev. 23, 2333–2344.
[8] Wong, C.N., Ng, P. and Douglas, A.E. (2011) Low-diversity bacterial community
in the gut of the fruitﬂy Drosophila melanogaster. Environ. Microbiol. 13, 1889–
1900.
[9] Storelli, G., Defaye, A., Erkosar, B., Hols, P., Royet, J. and Leulier, F. (2011)
Lactobacillus plantarum promotes Drosophila systemic growth by modulating
hormonal signals through TOR dependent nutrient sensing. Cell Metab. 14,
403–414.
[10] Staubach, F., Baines, J.F., Kunzel, S., Bik, E.M. and Petrov, D.A. (2013) Host
species and environmental effects on bacterial communities associated with
Drosophila in the laboratory and in the natural environment. PLoS One 8,
e70749.
[11] Wong, A.C., Chaston, J.M. and Douglas, A.E. (2013) The inconstant gut
microbiota of Drosophila species revealed by 16S rRNA gene analysis. ISME
J. 7, 1922–1932.
[12] Blum, J.E., Fischer, C.N., Miles, J. and Handelsman, J. (2013) Frequent
replenishment sustains the beneﬁcial microbiome of Drosophila
melanogaster. mBio 4, e00860–13.[13] Broderick, N.A., Buchon, N. and Lemaitre, B. (2014) Microbiota-induced
changes in Drosophila melanogaster host gene expression and gut
morphology. mBio 5, e01117–14.
[14] Bakula, M. (1969) The persistence of a microbial ﬂora during
postembryogenesis of Drosophila melanogaster. J. Invertebr. Pathol. 14, 365–
374.
[15] Ren, C., Webster, P., Finkel, S.E. and Tower, J. (2007) Increased internal and
external bacterial load during Drosophila aging without life-span trade-off.
Cell Metab. 6, 144–152.
[16] Guo, L., Karpac, J., Tran, S.L. and Jasper, H. (2014) PGRP-SC2 promotes gut
immune homeostasis to limit commensal dysbiosis and extend lifespan. Cell
156, 109–122.
[17] Ryu, J.H., Kim, S.H., Lee, H.Y., Bai, J.Y., Nam, Y.D., Bae, J.W., Lee, D.G., Shin, S.C.,
Ha, E.M. and Lee, W.J. (2008) Innate immune homeostasis by the homeobox
gene caudal and commensal-gut mutualism in Drosophila. Science 319, 777–
782.
[18] Shin, S.C., Kim, S.H., You, H., Kim, B., Kim, A.C., Lee, K.A., Yoon, J.H., Ryu, J.H. and
Lee, W.J. (2011) Drosophila microbiome modulates host developmental and
metabolic homeostasis via insulin signaling. Science 334, 670–674.
[19] Fauvarque, M.O. (2014) Small ﬂies to tackle big questions: assaying complex
bacterial virulence mechanisms using Drosophila melanogaster. Cell.
Microbiol..
[20] Limmer, S., Quintin, J., Hetru, C. and Ferrandon, D. (2011) Virulence on the ﬂy:
Drosophila melanogaster as a model genetic organism to decipher host–
pathogen interactions. Curr. Drug Targets 12, 978–999.
[21] Ferrandon, D. (2013) The complementary facets of epithelial host defenses in
the genetic model organism Drosophila melanogaster: from resistance to
resilience. Curr. Opin. Immunol. 25, 59–70.
[22] Royet, J., Gupta, D. and Dziarski, R. (2011) Peptidoglycan recognition proteins:
modulators of the microbiome and inﬂammation. Nat. Rev. Immunol. 11, 837–
851.
[23] Bosco-Drayon, V., Poidevin, M., Boneca, I.G., Narbonne-Reveau, K., Royet, J. and
Charroux, B. (2012) Peptidoglycan sensing by the receptor PGRP-LE in the
Drosophila gut induces immune responses to infectious bacteria and tolerance
to microbiota. Cell Host Microbe 12, 153–165.
[24] Neyen, C., Poidevin, M., Roussel, A. and Lemaitre, B. (2012) Tissue- and ligand-
speciﬁc sensing of gram-negative infection in drosophila by PGRP-LC isoforms
and PGRP-LE. J. Immunol. 189, 1886–1897.
[25] Rera, M., Clark, R.I. and Walker, D.W. (2012) Intestinal barrier dysfunction
links metabolic and inﬂammatory markers of aging to death in Drosophila.
Proc. Natl. Acad. Sci. U.S.A. 109, 21528–21533.
[26] Becker, T., Loch, G., Beyer, M., Zinke, I., Aschenbrenner, A.C., Carrera, P.,
Inhester, T., Schultze, J.L. and Hoch, M. (2010) FOXO-dependent regulation of
innate immune homeostasis. Nature 463, 369–373.
[27] Buchon, N., Broderick, N.A., Poidevin, M., Pradervand, S. and Lemaitre, B.
(2009) Drosophila intestinal response to bacterial infection: activation of host
defense and stem cell proliferation. Cell Host Microbe 5, 200–211.
[28] Bischoff, V., Vignal, C., Duvic, B., Boneca, I.G., Hoffmann, J.A. and Royet, J.
(2006) Downregulation of the Drosophila immune response by peptidoglycan-
recognition proteins SC1 and SC2. PLoS Pathog. 2, e14.
[29] Biteau, B., Karpac, J., Supoyo, S., Degennaro, M., Lehmann, R. and Jasper, H.
(2010) Lifespan extension by preserving proliferative homeostasis in
Drosophila. PLoS Genet. 6, e1001159.
[30] Rera, M., Bahadorani, S., Cho, J., Koehler, C.L., Ulgherait, M., Hur, J.H., Ansari,
W.S., Lo Jr., T., Jones, D.L. andWalker, D.W. (2011) Modulation of longevity and
tissue homeostasis by the Drosophila PGC-1 homolog. Cell Metab. 14, 623–
634.
[31] Paredes, J.C., Welchman, D.P., Poidevin, M. and Lemaitre, B. (2011) Negative
regulation by amidase PGRPs shapes the Drosophila antibacterial response
and protects the ﬂy from innocuous infection. Immunity 35, 770–779.
[32] Hochmuth, C.E., Biteau, B., Bohmann, D. and Jasper, H. (2011) Redox regulation
by Keap1 and Nrf2 controls intestinal stem cell proliferation in Drosophila.
Cell Stem Cell 8, 188–199.
[33] Jones, R.M., Luo, L., Ardita, C.S., Richardson, A.N., Kwon, Y.M., Mercante, J.W.,
Alam, A., Gates, C.L., Wu, H., Swanson, P.A., Lambeth, J.D., Denning, P.W. and
Neish, A.S. (2013) Symbiotic lactobacilli stimulate gut epithelial proliferation
via Nox-mediated generation of reactive oxygen species. EMBO J. 32, 3017–
3028.
[34] Jiang, H. and Edgar, B.A. (2009) EGFR signaling regulates the proliferation of
Drosophila adult midgut progenitors. Development 136, 483–493.
[35] Mathur, D., Bost, A., Driver, I. and Ohlstein, B. (2010) A transient niche
regulates the speciﬁcation of Drosophila intestinal stem cells. Science 327,
210–213.
[36] Micchelli, C.A. and Perrimon, N. (2006) Evidence that stem cells reside in the
adult Drosophila midgut epithelium. Nature 439, 475–479.
[37] Ohlstein, B. and Spradling, A. (2006) The adult Drosophila posterior midgut is
maintained by pluripotent stem cells. Nature 439, 470–474.
[38] Lee, W.J. (2009) Bacterial-modulated host immunity and stem cell activation
for gut homeostasis. Genes Dev. 23, 2260–2265.
[39] Bae, Y.S., Choi, M.K. and Lee, W.J. (2010) Dual oxidase in mucosal immunity
and host–microbe homeostasis. Trends Immunol. 31, 278–287.
[40] Ritsick, D.R., Edens, W.A., Finnerty, V. and Lambeth, J.D. (2007) Nox regulation
of smooth muscle contraction. Free Radical Biol. Med. 43, 31–38.
[41] Lee, K.A., Kim, S.H., Kim, E.K., Ha, E.M., You, H., Kim, B., Kim, M.J., Kwon, Y., Ryu,
J.H. and Lee, W.J. (2013) Bacterial-derived uracil as a modulator of mucosal
immunity and gut-microbe homeostasis in Drosophila. Cell 153, 797–811.
B. Erkosar, F. Leulier / FEBS Letters 588 (2014) 4250–4257 4257[42] Chakrabarti, S., Liehl, P., Buchon, N. and Lemaitre, B. (2012) Infection-induced
host translational blockage inhibits immune responses and epithelial renewal
in the Drosophila gut. Cell Host Microbe 12, 60–70.
[43] Roh, S.W., Nam, Y.D., Chang, H.W., Kim, K.H., Kim, M.S., Ryu, J.H., Kim,
S.H., Lee, W.J. and Bae, J.W. (2008) Phylogenetic characterization of
two novel commensal bacteria involved with innate immune
homeostasis in Drosophila melanogaster. Appl. Environ. Microbiol. 74,
6171–6177.
[44] Chen, X., Lee, K.A., Ha, E.M., Lee, K.M., Seo, Y.Y., Choi, H.K., Kim, H.N., Kim, M.J.,
Cho, C.S., Lee, S.Y., Lee, W.J. and Yoon, J. (2011) A speciﬁc and sensitive method
for detection of hypochlorous acid for the imaging of microbe-induced HOCl
production. Chem. Commun. (Camb) 47, 4373–4375.
[45] Lemaitre, B. and Miguel-Aliaga, I. (2013) The digestive tract of Drosophila
melanogaster. Annu. Rev. Genet. 47, 377–404.[46] Buchon, N., Osman, D., David, F.P., Fang, H.Y., Boquete, J.P., Deplancke, B. and
Lemaitre, B. (2013) Morphological and molecular characterization of adult
midgut compartmentalization in Drosophila. Cell Rep. 3, 1725–1738.
[47] Marianes, A. and Spradling, A.C. (2013) Physiological and stem cell
compartmentalization within the Drosophila midgut. eLife 2, e00886.
[48] Zaidman-Remy, A., Herve, M., Poidevin, M., Pili-Floury, S., Kim, M.S., Blanot, D.,
Oh, B.H., Ueda, R., Mengin-Lecreulx, D. and Lemaitre, B. (2006) The Drosophila
amidase PGRP-LB modulates the immune response to bacterial infection.
Immunity 24, 463–473.
[49] Erkosar-Combe, B., Defaye, A., Bozonnet, N., Puthier, D., Royet, J. and Leulier, F.
(2014) Drosophila microbiota modulates host metabolic gene expression via
IMD/NF-kappaB signaling. PLoS One 9, e94729.
[50] Roote, J. and Prokop, A. (2013) How to design a genetic mating scheme: a basic
training package for Drosophila genetics. G3 (Bethesda) 3, 353–358.
